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Tho  Armed  Forcea  - National  Reaer.reh  Coms- 
cJl  Committee  on  Hearing  and  Bio-Acoustics 
(CHABA)  was  organized  early  in  lf)f»3  to  pro- 
vide  consultation  and  advice  to  the  Armed  Forces 
In  the  genoral  amss  of  (1)  the  effects  and  con- 
trol of  noise,  (2)  auditory  discrimination,  (3) 
speech  communication,  (4)  the  fundamental 
mechanism  of  hearing,  and  (B)  auditory  stand’ 
ards,  Tho  term  “bio-acoustics"  includes  the  di- 
rect non-auditory  effects  of  high-intensity  sound 
and  vibration  on  man's  body,  tho  relevant  physical 
nnd  engineering  problems  of  noise  generation, 
measurement,  and  control,  and  tho  psychological 
nnd  social  reactions  of  man  and  of  animals  to 
nolso.  Tho  activities  of  CHABA  are  supported 
equally  by  tho  Army,  Navy,  and  tho  Air  Forco. 

CHAPA  is  net  a contracting  agency,  it  does  not 
dispense  funds,  although  it  may  recommend  that 
research  along  certain  linns  bn  i.arrted  out.  It  is 
not  itself  a research  organisation.  Ito  output  is  not 
data  but  advice. 

The  Executive  Council  of  CHABA  consists  of 
nine  members:  one  representative  apiece  from 
the  Army,  the  Navy,  and  the  Air  Force,  three 
members  appointed  by  the  National  Research 
Council,  and  three  members-at-large  chosen  by 
the  appointed  members  of  the  Council.  The  fuli 
Committee  on  Hearing  and  Bio-Acoustics  con- 
sists of  about  SO  regular  members  approximately 
equally  balanced  between  military  representa- 
tives and  civilians  appointed  by  the  National  Re- 
search Council.  The  latter  appointments  include 
“engineers  and  scientists  ...  in  the  fields  of 
acoustics,  vibration,  psychology,  physiology,  or 
medicine.”  There  are  also  several  affiliated  mem- 
bers who  represent  other  government  agencies 
with  interests  in  the  general  area. 

The  major  work  of  CHABA  is  carried  out  by 
"working  groups”  of  consultants.  They  deal  with 
specific  problems  brought-  to  the  Executive  Coun- 
cil by  one  of  the  service  representatives  on  the 
Executive  Council,  or  by  the  National  Research 


Council.  At  least  ono  or  two  of  the  jneniborn  of 
each  working  group  aro  already  members  of 
CHABA,  hut  often  outside  consultants  ore  also 
Invited  to  servo.  When  a working  group  has  pre- 
pared its  report,  tho  Executive  Council  has  the 
responsibility  for  accepting  and  transmitting  the 
report,  either  with  or  without  additional  com- 
ment or  endorsement, 

CHABA  reports  to  tho  Armed  Forces  through 
tho  service  representatives  on  the  Executive  Coun- 
cil. CHABA  reports  to  tfcs  National  Research 
Council  Divisions  of  Physical  Sciences,  Medical 
Sciences,  Anthropology  and  Psychology,  Engi- 
neering and  Industrial  Research,  and  Biology  and 
Agriculture.  So  equally  divided  are  the  interests 
that  the  committee  It,  responsible  directly  to  the 
offico  of  tho  Chairman  of  tho  National  Research 
Council,  although  tho  administrative  details  of 
liaison,  distribution  of  roports,  et-c.,  are  carried 
out  through  the  Executive  Secretary  of  the  Di- 
vision of  Anthropology  and  Psychology. 


Members  of  the  Armed  Forces  desiring  CHABA 
consulting  services  should  submit  their  requests 
through  the  appropriate  service  representatives  on 
the  Executive  Council.  These  are: 

Army: 

James  P.  Albrite,  Major  (MC)  USA 
Director,  Audiology  and  Speech 
Correction  Center 
Walter  Reed  Army  Medical  Center 
Washington  12,  D.C. 

Navy: 

Clifford  P.  Phoebus,  Captain  (MC) 
USN 

Special  Assistant  for  Bio  Sciences 
Office  of  Naval  Research 
Department  (if  the  Navy 
Washington  25,  D.C. 


Air  Force : 

Dr.  Horace  0.  Parrack 
Coordinator  of  Noise  and  Vibration 
Control 

Attn:  WCItDO  (NVC) 

Wright  Air  Development.  Center 
Wright-Patterson  Air  Force  Base, 
Ohio 


The  committee  aa  a whole  meets  at  least  an* 
nually.  The  program  of  each  meeting  of  the 
full  committee  is  carefully  designed  to  take  ad- 
vantage of  the  interdisciplinary  character  of  the 
membership.  A thorough  presentation  of  some 
major  problem  and  its  subsequent  discussion  by 
the  members  provides  valuable  insight  for  the 


Others  desiring  CHABA  consulting  services 
should  submit  their  request  through  the  Executive 
Secretary  of  the  Division  of  Anthropology  and 
Psychology  of  the  National  Research  Council. 
Ho  is: 

Dr.  Glen  Finch 

Executive  Secretary,  Division  of 
Anthropology  and  Psychology 
National  Academy  of  Sciences  - 
National  Research  Council 
2101  Constitution  Avenue 
Washington  25,  D.C. 


specialists  into  the  background  and  varied  com- 
plexities of  the  problem.  Opportunity  la  pro- 
vided for  the  Informal  discussion  of  any  problems 
that  members  wish  to  raise,  with  reaultrn’w  clari- 
fication of  the  actual  problems  and  possible 
recommendations  for  attacking  them. 


Ill  — 


FOREWORD 


The  following  critical  review  and  selected 
bibliography  on  the  subject  of  the  Effects  of 
Blast  Phenomena  on  Man  was  prepared  in  the 
Secretarial  Office  of  the  Committee  on  Rearing 
and  Bio-Acoustics  by  Dr.  Don?M  H.  EMredge, 
Tfcdinical  Aide  and  Shirley  K.  Hirsh,.  Admini- 
strative Assistant,  in  response  U>  a rawest  Sub- 
mitted by  tlie  Army  representative  nn  the  CH  ABA 
Council. 

The  report  has  been  reviewed  and  approved 
for  publication  by  the  CHABA  Council.  However, 
the  opinions  expressed  in  the  and  the  re- 

sponsibility for  the  inclusion  or  the  exeltvion  of 
particular  papers  lies  with  iir.  Eldredge  as  the 
author.  The  review  and  bibliography  are  not  in- 


tended to  be  exhaustive.  They  include  the  ma- 
terial and  the  information  judged  by  Dr.  Eldredge 
to  be  most  useful  and  significant  for  future  work- 
ers on  problems  of  blast.  The  members  of  the 
CHABA  Council  believe  that  Dr,  Eldredge  has 
used  good  care  and  judgment  in  his  selection  and 
presentation  of  material,  but  obviously  are  not 
in  a position  to  judge  tho  merits  of  papers  that  are 
not  included.  The  scientific  opinions  and  gen- 
eralisations are  those  of  Dr.  Eldredge,  and  the 
CHABA  Council  publishes  them  in  the  belief  that 
they  are  useful  and  give  an  adequate  introduc- 
tion to  the  problems  that  are  considered. 

HALLOWELL  DAVIS 

Executive  Secretary 


THE  EFFECTS  OF  BLAST  PHENOMENA  ON  MAN 


A REVIEW  FOR  THE  COUNCIL  OF  THE  COMMITTEE 
ON  HEARING  AND  BIO- ACOUSTICS 

L Task 


In  response  to  a letter  from  Colonel  C.  S.  Ger- 
aoni,  Office  of  the  Surgeon  General,  Army,  to  Dr. 
Aram  Glorig,  Army  Representative  on  ihu 
CHABA  Council,  and  at  the  direction  of  the 
CHABA  Council,  the  staff  of  the  Executive  Sec- 
retary has  reviewed  the  open  literature  dealing 
with  tho  effects  of  blast  on  man.  Colonel  Gersoni 
outlined  three  general  areas  in  which  blast  might 
have  a deleterious  effect  on  military  personnel. 
These  were: 

"1.  The  effect  of  blast  on  decrement  of  per- 
formance of  crews  (fiold  artillery  crews, 
rocket  launching  crews,  guided  missile 
crews,  etc.). 

2.  The  effect  of  blast  on  behavior  of  crews. 

8.  The  effect  of  repeated  blast  for  prolonged 
periods  of  time  on  the  body  with  particular 
reference  to  pathological  conditions  pro- 
duced.” 


In  a letter  to  the  Executive  Secretary,  dated  4 
April  1965,  Major  James  P.  Albrite,  present 
Army  Representative  on  the  CHABA  Council,  en- 
larged on  certain  aspects  of  the  above  problems 
with  the  following  more  specific  Questions : 

“1.  What  is  the  present  status  of  research  on 
the  ear  defender?  What  ear  defenders  are 
recommended?  What  are  the  techniques 
recommended  to  test  the  attenuation  prop- 
erties of  the  ear  defender?  We  would  like 
to  have  information  on  ear  defenders  that 
are  available  in  the  commercial  field  . . . 

2.  What  are  the  methods  for  accurate 
measurement  of  blast?  How  would  you  de- 


fine blast?  What  are  the  components  of 
blast? 

8.  What  is  the  pathology  of  the  ear  or  other 
parts  of  the  body  due  to  blast? . . . 

4.  What  would  you  suggest  as  an  outline  for 
a program  aimed  to  protect  soldiers  and 
civilians  in  tho  Army  who  are  exposed  to 
blast  and  high-intensity  noise,  keeping  in 
mind  present-day  knowledge  and  recom- 
mendations for  future  research  in  tills 
field?’ 

The  open  literature  dealing  directly  With  blast 
injury  to  man  and  experimental  animals  is  not 
extensive  and  is  principally  concerned  with  in- 
jury to  the  ear,  body  injuries  sufficiently  severe 
to  produce  combat  casualties,  cerebral  blast  con- 
cussion, and  battle  fatigue  or  hysteric-anxiety 
state.  In  few  cases  is  there  significant  effort  to 
relate  injury  to  the  physical  stimulus  quantitative- 
ly. The  literature  that  may  be  useful  in  planning 
procedures  for  the  diagnosis  and  measurement  of 
the  possible  effects  included  in  Colonei  Gersoni’s 
questions  is  extremely  varied  and  extensive.  We 
believe  we  have  included  most  of  the  important 
open  literature  on  blast.  We  have  intentionally 
eliminated  several  references  because  they  seem 
out  of  date  or  are  inaccessible.  Also  included  is 
a selected  bibliography  recently  prepared  by  D.  G. 
Doehring  and  W.  D.  Ward  of  the  Central  Insti- 
tute for  the  Deaf.  This  literature  deals  largely 
with  specific  methods  and  techniques  that  have 
been  used  to  measure  possible  impairment  of  func- 
tion. 

In  the  following  summary,  we  have  attempted 
to  extract  and  to  organize  the  important  studies 


and  hypothecs  encountered.  To  a considerable 
degree,  this  process  has  been  supplemented  by 
experience  gained  with  hlgh-lntonsity  sound.  An 
effort  has  been  made  to  make  the  physics  section 
intelligible  to  those  trained  in  biological  sciences, 
and  vice  versa,  Approached  In  this  way,  pre- 
oision  and  conciseness  are  lost  to  some  degreo 
but  the  presentation  should  be  more  useful.  Also 
in  the  interests  of  intelligibility  nnd  perspective,1 
detailed  reporting  of  experimental  results  has 
been  kept  to  a minimum. 


Wn  have  not  attempted  here  to  answer  directly 
any  of  tho  questions  that  led  to  this  review.  It 
soon  became  apparent  that  direct  answers  could 


not  be  obtained  In  most  instance#.  The  specific 
questions  related  to  e:*r  protectors  we  believed 
were  peripheral  to  tho  central  themes  of  this  re- 
view and  will  be  dealt  with  separately.  Instead 
wo  have  tried  to  write  thin  review  in  a way  that 
will  provide  sound  bases  for  future  research  plan- 
ning. This  is  really  only  a first  step.  A second 
step  might  attempt  to  outline  in  general  torma 
the  kinds  of  new  knowledge  that  should  be  ac- 
quired. After  this  atop,  each  of  many  specific 
questions  will  require  further  detailed  theoretical 
and  experimental  consideration.  Without  a 
comprehensive  basic  approach,  Important  ques- 
tions will  remain  unanswered  and  individual 
studies  will  bo  more  difficult  to  relate  in  mean- 
ingful patterns. 


II.  The  Physical  Stimuli 


In  approaching  this  problem,  we  have  included 
under  the  category  ''blast''  all  of  the  physical 
events  that  characterize  very  tapid  combustion, 
explosions,  and  detonations.  The  significant  dif- 
ference among  these  categories  is  the  rate  at 
which  tho  chemical  transformation  .takes  place. 

Thia  rate  in  turn  determines  the  nature  of  the 

. .... 

particular  physical  changes  in  the  environment 
that  are  produced  by  the  reaction.  The  common 
factor  is  the  rapid  conversion  of  solid  or  fluid 
in  a small  volume  to  gas  under  pressure  in  the 
same  volume. 


Jet  engines,  particularly  with  after  burners, 
rocket  engines,  and  the  combustion  of  fuel  in  the 
cylinder  of  a "knockless”  internal  combustion  en- 
gine constitute  examples  of  very  rapid  combus- 
tion. Explosions  occur  with  the  ignition  of  slow 
gun  powder,  primer  materials,  and  gases  or  dusts 
in  air.  The  term  "detonation”  is  usually  reserv- 
ed for  the  reaction  produced  by  high  explosives 
such  as  nitroglycerine,  trinitrotoluene,  and  tetryi. 
In  varying  degrees  each  of  the  above  reactions  in 
air  produces  four  physical  phenomena.  These  are 
1)  blast,  2)  shock  waves,  8)  sound  of  "finite” 


dimensions,*  and  4)  sound  of  usual  or  infinitesi- 
mal dimensions,  Often  it  1b  difficult  for  the  non- 
physicist  to  distinguish  among  these  phenomena 
that  ore  so  closely  tied  to  what  to  the  ear  and 
eye  appears  to  ho  a single  event.  It  is  perhaps 
helpful  to  understand  first,  that  there  is  a se- 
quence of  events,  even  though  the  time  scale  is 
short,  and  second,  that  blast,  shock  waves,  finite 
. sound  and  usual  sound  actually  behave  different- 
ly and  require  different  mathematical  treatments 
for  their  description. 

Blast  properly  refers  to  the  escape  of  the  gase- 
ous products  of  combustion  from  the  high-pres- 
sure small-volume  atate  to  a volume  compatible 
with  ambient  pressure.  A measure  of  blast  is  the 
initial  velocity  and  turbulence  of  the  expanding 
gas.  These  initial  blast  velocities  are  about  the 
same  as  the  rate  of  chemical  reaction,  and  in  a 
detonation  may  reach  20,000  to  25,000  feet  per 
second  or  nearly  20,000  miles  per  hour.  In  such 

* For  example,  the  peak  positive  pressure  of  a pure  tone 
at  '20  clb  above  the  standard  reference  of  .0002  dynes  per 
cm*  Is  about  .00028  atmospheres.  This  If  about  the  loudest 
sound  level  encountered  In  ordinary  experience  and  la  un- 
comfortable for  the  car.  We  shall  consider  sound  to  assume 
"finite"  diiuenulons  when  rhn  peak  pressures  are  wreater 
than  .002  atmospheres. 


cases  the  turbulence  la  extreme.  Bloat  as  such 
is  nut  an  oscillatory  phenomenon,  but  la  the  one- 
way flow  from  center  outwards.  Tim  entire  phe- 
nomenon is  confined  to  a relatively  small  volume 
around  the  center  of  the  reaction.  For  example, 
Robinson1  reports  that  the  maximum  travel  of 
the  blast  of  a 000* pound  bomb  la  about  25  feet. 
The  directional  pattern  of  a blast  depends  on  the 
avenues  of  escape  for  tho  gases  that  are  either 
already  available  or  produced  by  the  blast. 

In  tho  present  context,  blast  Is  the  phenomenon 
which  Is  used  to  do  work.  Usually  the  work  is 
mechanical  such  as  propelling  missiles,  aircraft, 
shells,  or  bullets.  Even  the  exploding  shell  ac- 
complishes most  of  its  destruction  mechanically 
through  the  action  of  tho  secondary  fragments 
of  iwdng  and  target  that  are  propelled  at  high 
velocity  for  considerable  distances  by  the  force 
of  the  explosion. 

Extremely  high  temperatures  are  also  associat- 
ed with  the  high-pressure  small-volume  state  of 
the  blast  gases.  Within  the  context  of  this  review 
this  heat  is  not  important. 

i •• 

i 

A shock  wave  is  physically  characterized  by  a 
wave  front  showing  discontinuity  between  par- 
ticle density  and  particle  acceleration.  In  ordi- 
nary acoustics  the  highest  particle  accelerations 
occur  synchronously  with  the  extremes  of  particle 
density,  i.  e.,  condensation  and  rarefaction.  Fur- 
thermore, particle  acceleration  is  proportional  to 
the  instantaneous  particle  density.  In  shock 
waves,  however,  the  chango  with  time  of  particle 
acceleration  is  quite  different  from  the  change 
with  time  of  particle  density,  and  particle  accel- 
eration is  not  proportional  to  particle  density. 
Associated  with  these  discontinuities  are  very 
high  particle  velocities  within  the  wave  front.  The 
shock  wave  is  a disturbance  in  the  medium  (solid, 
liquid,  or  gaseous)  produced  by  the  initial  blast 
energy.  This  disturbance  travels  in  the  medium 
by  transfer  of  energy  from  particle  to  particle 
in  an  oscillatory  manner  as  distinguished  from 
the  direct  travel  of  particles  in  the  blast  itsaif. 


Outside  the  Immediate  blast  area,  propagation  of 
the  shock  wave  is  spherical  as  in  ordinary  acous- 
tics. Shock  waves  are  reflected  by  obstacles  and 
in  tho  process  they  show  pressure  doubling.  The 
nature  of  the  medium  and  the  nature  of  the  blast 
together  determlno  the  peak  pressure  at  the 
source  and  tho  initial  duration  of  the  positive 
shock  impulse. 


As  in  acoustics,  the  density,  pressure,  tempora- 
turo,  specific  heat,  and  coefficients  of  viscosity 
nnd  heat  exchange  of  the  medium  determine  tho 
characteristics  of  the  medium  for  shock  waves. 
Also,  any  medium  will  be  asymmetrical  in  regard 
to  shock  waves  to  the  extent  that  pressures  below 
tho  resting  state  are  limited  by  zero,  whereas 
pressures  above  the  resting  state  are  essentially 
unlimited. 


Although  the  shock  wave  undergoes  spherical 
divergence  like  ordinary  sound  waves,  its  .energy 
decreases  with  distance  faster  than  the  inverse 
square  law  ored’cts.  This  is  largely  because  the 
physical  properties  of  the  medium,  particularly 
the  viscous  and  elastic  properties,  are  such  that 
ti  e discontinuities  between  particle  density  and 
particle  acceleration  can  not  occur  adiabatically; 
that  is,  without  loss  of  energy  the  form  of  heat 
to  tho  medium.  This  loss  tends  to  "smooth  out"  a 
shock  wave,  largely  by  reduction  of  the  peak 
pressure  and  the  abruptness  of  the  discontinuities. 
On  the  other  hand,  a sound  or  shock  wave  travels 
faster  as  the  density  of  the  medium  is  increased. 
In  the  case  of  shock  waves  the  density  of  the 
medium  in  the  condensation  phase  is  greater  than 
the  density  of  the  medium  at  rest  or  in  the  rare- 
faction phase  to  such  a degree  that  the  velocity 
of  propagation  is  significantly  greater  in  the  con- 
densation phase.  The  condensation  peak  front 
thus  precedes  in  time  (and  phase  angle)  the  peak 
condensation  that  would  be  anticipated  from  the 
sinusoidal  behavior  of  classical  acoustics.  Thi3 
sharpens  the  wave  front  and  maintains  the  dis- 
continuities between  particle  density  and  accelera- 
tion. Obviously  a shock  wave  ultimately  decays 
into  a classical  acoustic  wave  in  spite  of  this 
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tendency  becauso  of  the  energy  losses  Introduced 
by  the  inverse  square  law  and  the  viscosity  of  tho 
medium. 


The  above  physical  features  of  the  Initial  blast 
and  the  subsequent  transmission  of  shock  waves 
in  a medium  introduce  two  other  characteristics 
of  shock  waves.  First,  because  of  asymmetry  of 
the  medium,  the  short  initial  condensation  or 
positivo  pressure  phase  of  ft  shock  wave,  which 
lasts  about  five  to  ten  milliseconds,  is  followed 
by  a much  longer  rnrefaofcion  or  low  pressure 
phase  of  the  order  of  26  to  60  milliseconds.  As 
the  energy  of  explosion  is  increased  this  approxi- 
mate ratio  between  the  durations  of  the  phases 
is  preserved  even  though  condensation  phases 
lasting  . as  long  os  one  second  are  encountered. 
Second,  depending  on  the  peak  pressure,  shock 
waves  travel  somewhat  faster  than  sound.  Under 
usual  circumstances,  in  air  near  its  source  a shock 
wave  will  'ravel  two  to  three  times  as  fast  as 
sound.  The  velocity  of  the  shock  wave  front  ay 
be  even  higher  initially,  but  ultimately  it  de- 
creases to  the  velocity  of  sound  as  the  pressure  de- 
cays to  usual  acoustic  pressures. 


In  conceptually  relating  the  blast  wave  to  the 
shock  v/ave  as  they  occur  in  an  explosion  in  air, 
it  is  perhaps  useful  to  consider  shock  waves  that 
are  generated  in  the  absence  of  an  explosion.  Any 
object  that  travels  through  air  faster  than  sound 
generates  shock  waves  at  its  lending  and  trailing 
edges.  The  crack  of  a whip  is  a shock  wave  so 
generated.  Similarly,  tho  crack  heard  from  a 
supersonic  bullet  as  it  passes  is  a shock  wave. 
When  a solid  object  travels  through  air  at  veloci- 
ties less  than  sound,  the  pressure  at  its  leading 
edge  creates  a pressure  wave  disturbance  which  is 
transmitted  ahead  of  the  moving  object  with  the 
velocity  of  sound.  The  undisturbed  medium  ahead 
first  is  disturbed  by  this  pressure  wave.  As  the 
object  approaches,  the  amplitude  of  the  pressure 
wave  gradually  increases  to  the  pressure  at  the 
leading  edge  of  the  object.  This  pressure  wave 
in  effect  "pierces’’  the  medium  ahead,  pushing 
(accelerating  and  compressing)  the  air  molecules 


aside  to  allow  the  object  to  pass  through  the 
medium. 

When  an  object  moves  through  air  with  ve- 
locities greater  than  sound,  the  pressure  wave  is 
confined  to  the  leading  edge  of  the  object  and  is 
not  propagated  ahead.  Thus  the  pressure  wave 
and  the  object  strike  undisturbed  air  almost 
simultaneously,  imparting  high  accelerations  to 
particles  before  they  have  had  time  to  move  to 
positions  they  will  have  at  the  maximum  particle 
density  state.  This  disturbance  at  tho  leading 
edge  must  travel  with  the  velocity  of  the  object, 
but  on  either  side  of  the  object  its  velocity  rapidly 
decreases  to  sonic  velocity  and  lags  far  behind 
the  object  itself.  The  shape  of  thy  pressure  disi- 
turbance  is  then  quite  similar  to  the  bow  wave 
created  by  a boat  in  water. 

In  the  case  of  an  explosion  it  1b  the  expanding 
gases  traveling  outward  from  the  small- volume 
high-pressure  state  with  velocities  greater  than 
sound  that  meet  undisturbed  air  and  create  a 
shock  wave.  Under  these  circumstances  the  blast 
wave  front  and  the  shock  wave  front  are  indis- 
tinguishable. As  the  velocity  of  the  blast  wave 
front  decreases  to  and  below  sonic  velocity,  the 
shock  waves  separate  and  continue  on,  with  super- 
sonic velocities  at  first.  The  shock  waves  rapidly 
slow  down,  however,  to  sonic  velocities,  as  is  the 
case  with  shock  waves  generated  by  solid  objects 
traveling  in  air.  Since  the  disturbance  is  spheri- 
cal there  is  not  an  opportunity  for  the  disturbance 
to  assume  the  configuration  of  the  bow  wave  of  a 
boat. 

Miller’  measured  the  shock  waves  generated  by 
large  artillery.  In  this  case  the  shock  waves  arc 
generated  spherically  by  a moving  blast  source. 
This  case  demonstrates  features  of  shock  wave 
formation  common  to  both  of  the  cases  described 
above  and  is  worth  reading  in  the  original. 


Sound  waves  of  iirtite  amplitude  occupy  an  in- 
termediate position  between  shock  waves  and 


classical  sound  waves  of  infinitesimal  magnitude.  amplitude,  as  well  as  small  discrete  shock  waves, 

A shock  wave  decays  through  this  state  before  are  abundantly  produced  by  the  blasts  of  jet  and 

it  becomes  an  ordinary  sound  wave.  The  distinc-  rocket  engines.  In  the  second  place,  sound  waves 

tions  between  ordinary  sound  waves,  “finite1'  of  finite  amplitude  require  separate  seta  of  in- 
sound waves  and  small  discrete  shock  waves  Is  atruments  for  their  measurement, 

primarily  quantitative  and  rather  arbitrary.  For 
instance,  one  can  classify  aperiodic  waves  with 

inital  peak  pressures  in  excess  of  one  atmosphere  Classical  sound  waves  of  usual  or  infinitesimal 
as  discrete  shock  waves,  periodic  waves  with  peak  dimensions  appear  ultimately  at  some  distance 

pressures  of  less  than  one  atmosphere  but  more  from  the  point  of  the  explosive  reaction.  The  be- 

than  0.008  atmospheres,  as  sound  waves  of  finite  havior  of  the  energy  in  this  form  follows  the 

amplitude,  and  waves  with  peak  pressures  less  usual  rules  for  acoustics  and  the  measurement 

than  0.008  atmospheres  as  ordinary  sound  waves.  procedures  are  reasonably  well  standardized. 

Sound  waves  of  finite  amplitude;  like  shock  waves,  / 

show  spherical  divergence,  somewhat  more  loss 

of  energy  with  distance  than  the  square  law  The  details  of  the  preceding  outline  of  the 
would  predict,  and  steep  wave  fronts.  The  mathe-  physical  phenomena  associated  with  explosive  re- 

matica  for  sound  waves  of  finite  amplitude  is  not  action*  may  be  altered  when  the  reaction  is  con- 

so  well  developed  aa  for  the  other  forma  of  energy  trolled  in  order  to  do  “work."  Measurements 

under:  consideration  here,  because  of  this  transi-  made  near  large  guns,  for  ’an  instance,  may  show 
tional  character  and  because  interest  in  the  sub-  several  peak  pressure  waves  separated  in  time 

ject  is  relatively  recent.  Ordinarily  such  sound  'by  a few  milliseconds.  These  peaks  bail  be  Vari- 

is  not  considered  separately  in  explosioft  studies.  ously  associated  with  Buch  events  as  the  firing  of 

However,  for  the  purposes  of  this  study  separate  the  charges  within  the  gun  breech,  the  escape  and 

consideration  Seems  advantageous  for  two  rea-  passage  of  the  missile,  and  the  blast  of  gases  ex- 

sons.  In  the  first  place,  sound  waves  of  finite  hausting  from  the  gun  barrel. 


HL  Measurement  of  the  Physical  Stimuli 


_ In  many  respects  measurement  of  blast  phe- 
nomena falls  short  of  being  ideal.  Instruments 
exist  or  can  be  designed  to  measure  most  of  the 
feature*  that  are  likely  to  have  practical  import- 
ance in  the  biological  area.  The  most  important 
handicap  at  present  would  appear  to  be  a lack  of 
knowledge  as  to  which  features  of  blast  phenomena 
should  be  measured  tn  correlate  with  particular  in- 
juries. Over  and  above  this,  the  discontinuity  of 
particle  density  and  particle  acceleration  in  a 
transient  phenomenon  creates  difficulties  in  inter- 
preting the  measurements  of  blast  phenomena. 
There  are  semantic  difficulties  involving  the 
operational  significance  or  “real”  meaning  of 
many  terms  used  in  ordinary  acoustics  when  they 
are  applied  to  shock  waves.  Condensation  and 


compression  (or  pressure)  are  no  longer  propor- 
tional. Time  also  becomes  critical,  particularly  at 
both  ends  of  the  continuum  of  durations  extend- 
ing from  the  brief  duration  of  a detonation  to  the 
long  durations  of  some  of  the  pressure  fluctua- 
tions observed  around  rocket  engines.  There  are 
no  devices  which  respond  fast  enough  to  follow 
the  time  course  of  the  peak  pressure  of  a detona- 
tion without  some  degree  of  distortion.  On  the 
other  hand,  the  pressure  fluctuations  of  the  order 
of  one  cycle  per  second  observed  around  some 
rocket  engines  require  that  the  measuring  de- 
vice and  associated  equipment  be  capable  of  re- 
cording static  as  well  as  dynamic  pressure  in 
order  to  describe  the  event  appropriately. 
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Blast  Waves 

This  review  has  not  Included  a detailed  search 
of  the  literature  for  Instruments  suitable  for 
measuring  blast  pressures.  In  the  literature  cited 
various  mechanical  and  piezo-electric  gauges  have 
been  used  with  reasonable  success  In  many  in- 
stances the  response  of  the  gauge  appears  to  have 
been  too  slow  to  measure  peak  pressure,  but  as 
often  as  not  may  well  liave  given  readings  that 
correlated  well  with  the  effects  on  other  objects. 
Where  blast  pressures  develop  more  slowly  than 
they  do  in  a detonation  some  of  the  gauges  may 
respond  rapidly  enough  to  give  a reasonably  good 
measure  of  the  peak  pressures. 


Shock  Waves 

Instruments  that  have  been  used  to  measure 
shock  waves  fall  in  two  classes.  This  is  because' 
two  aspects  of  a Shock  wave,  condensation  or 
pressure,*  may  be  measured.  One  measure  of  con- 
densation is  the  change  in  the  index  of  refraction 
of  light  in  the  air  through  which  the  shock  wave 
.passes.  Tills  some  phenomenon  is  used  to’  show 
shock  waves  photographically  in  the  SchUeron- 
methode  and  subsequent  modifications  of  tills 
technique.  In  general,  methods  employing  this 
principle  can  be  quite  accurate  and  have  the  ad- 
vantages that  go  with  eliminating  inertia  from 
the  measuring  system.  Unfortunately  pressure 
cannot  be  directly  derived  from  a measure  of  con- 
densation, and  pressure  appears  to  have  the  great- 
er practical  significance. 


Condensation  can  also  be  measured,  but  not 
so  precisely,  by  the  propagation  of  a shock  wave 
through  an  Interferometer  field.  A third  principle 
which  has  been  used  with  some  success  to  measure 
condensation  is  embodied  in  the  “corona  micro- 
phone.*’ The  corona  current  leakage  between  high 
voltage  electrodes  depends  among  other  things 
on  the  density  of  the  air  between  the  electrodes. 
These  changes  in  current  flow'  are  thus  a measure 
of  condensation. 


More  devices  exist  for  the  measurement  of  pres- 
sure. There  are  "ballistic”  devices  with  transient 
responses  appropriate  to  their  physical  design. 
To  measure  pressure,  a part  (with  mass)  held 
in  place  by  elastic  connections  (with  damping) 
must  move.  Because  of  inertia  the  time  required 
for  this  motion  is  not  always  small  compared  to 
tiro  duration  of  the  applied  pressuro.  For  this  rea- 
son few  if  any  of  these  devices  record  the  peak 
pressures  of  very  brief  shock  waves.  However, 
several  can  be  dynamically  calibrated  to  give  rea- 
sonable approximations  of  peak  pressures. 


Mechanical  gauges  operated  as  ballistic  instru- 
ments can  give  a measure  of  the  effective  mean 
shock  and  the  dynamic  air  flow  at  the  wave 
front. /Such  devices  include  the  baroscope  of  Mil- 
ler, the  "swinging”  door  ballistic  meter,  and  the 
slip  ole  set  of  paper  diaphragms.  The  Hopkdnson 
bar  and  variations  on  this  principle  have  been 
...  used  to  measure  the  pressure  delivered  during  the 
first  or  condensation  phase  of  a shock  wave.  One 
end  of  a bar  is  exposed  to  the  shock  wave.  Loosely 


coupled  to  the  other  end  with  vaseline  is  a short 
section  of  the  same  material  and  diameter.  The 


energy  of  the  shock  wave  kicks  off  the  short  sec- 
tion with  momentum  proportional  to  the  mean 
force  transmitted  by  the  wave.  A ballistic  meter 
may  be  used  to  catch  the  short  piece  and  measure 
this  momentum.  This  technique  is  very  interest- 
ing but  the  information  it  gives  is  not  so  gener- 
ally useful  as  that  given  by  some,  of  the  other  de- 
vices which  record  the  variation  of  pressure  in 
time.  Under  special  circumstances  the  technique 
may  prove  useful  and  economical  for  monitoring 
or  for  comparative  measurements  of  effective 
shock  wave  pressures.  Since  these  devices  do  not 
record  the  timo  course  of  the  pressure  changes, 
this  use  assumes  that,  as  described  later  in  this 
section,  the  particular  arrangement  used  can  be 
designed  to  respond  in  the  same  way  aa  the  tissues 
or  structures  with  which  the  study  of  pressure  is 
concerned. 


Piezo-electric  gauges  can  be  calibrated  to  give 
a good  approximation  of  maximum  pressures.  As 
measured,  these  pressures  also  include  dynamic 


pressures  and  the  pressure  doubling1  phenomenon. 
Plezo-eloctric  devices  are  subject  to  some  errors 
that  may  trap  the  unwary.  It  is  usually  necessary 
lu  connect  the  crystals  with  short  electric  cables 
to  either  the  recording  apparatus  or  to  a vacuum 
tube  amplifier.  The  elements  3n  a vacuum  tube 
will  vibrate  in  response  to  shock  waves  or  sound 
waves  and  give  spurious  electrical  signals.  Either 
the  desired  electrical  signal  from  the  gauge  must 
be  made  large  compared  to  the  spurious  signal  by 
designing  the  gauge  so  that  it  is  more  sensitive 
than  tho  elements  of  the  vacuum  tube,  or  else  the 
vacuum  tube  must  be  placed  in  an  environment 
which  receives  less  energy  than  the  gauge. 

Because  of  the  nature  of  the  crystals  suitable 
for  use  in  gauges  and  because  of  other  circuit  con- 
siderations, the  measurement- of  Mglupressures 
requires  gauges  of  low  sensitivity.:; Thus  the  en- 
vironment1 of  the  vacuum  tube  becomes  critical. 
In  measuring  gun  pressures  where  the  pressure 
may  be  applied  by  a piston  to  the  gauge,  and  the 
associated  vacuum  tubes  are  outside  of  the  high 
pressure  environment,  the  problem  is  not  do;great. 
However,  in  measuring  pressures  in  free  space;  it 
may  be  quite  difficult  to  provide  protection  for  a 
vacuum  tube. 

Wo;1!;  with  piezo-electric  microphones  in  acous- 
tics has  revealed  another  potential  source  of  error. 
Mechanical  resonances  between  the  crystal  and  its 
structural  support  can  lead  to  resonance  phe- 
nomena and  associated  changes  in  sensitivity, 
phase,  etc.,  that  cannot  be  predicted  from  the 
resonance  characteristics  of  the  crystal  itself. 
This  difficulty  may  be  largely  avoided  by  care- 
ful design  and  by  careful  dynamic  calibration  of 
the  device. 


The  condenser  microphone  may  also  be  adapted 
to  measure  shock  wave  pressures.  Usually  these 
microphones  are  more  sensitive  than  piezo-elcctric 
gauges  and  cannot  he  used  for  such  high  pres- 
sures. The  same  problems  with  associated  vacuum 
tubes  are  encountered  as  with  piezo-electric 
gauges.  The  response  of  the  microphone  to  transi- 


ent phenomena  eait.be  very  good.  By  sealing  the 
chamber  behind  the  diaphragm  and  by  using  the 
capacity  changes  in  the  microphone  to  modulate 
a carrier  frequency,  the  condenser  microphone  can 
be  used  to  measure  pressure  changes  as  slow  as 
0.1  cycles  per  second.  Except  for  measurement 
of  the  highest  pressures,  and  possibly  even  there, 
the  condenser  microphone  principle  appears  to 
have  the  best  overall  potentialities. 


Sound  of  Finite  Amplitude 

The  instruments  most  useful  for  measuring 
sound  of  finite  amplitude  are  the  condenser  micro- 
phone and  the  piezo-electric  microphone.  The  state- 
ments made  above  with  regard  to  the  use  of  these 
instruments  to  measure  shock  wave  pressures 
also  apply  here,  Tn  recent  years,  interest  in  such 
sound  as  that  produced  near  the  jet  engine  has 
encouraged  the  development  of  designs  suitable 
for  this  pressure  range.  “Although  very  useful, 
these  particular  instruments  cannot  be  used  prop- 
erly without  a clear  understanding  of  their  basic 
limitations  and  the  possibilities  that  remain  for 
erroneous  or  spurious  responses. 


Sound  of  Infinitesimal  Dimensions 

The  instruments  used  for  measuring  sound  of 
infinitesimal  magnitude  are  quite  well  standard- 
ized. Pitfalls  in  calibration,  use,  and  interpreta- 
tion remain  but  axe  relatively  well  known.  Ber*> 
anek‘  has  recently  covered  this  area  quite  com- 
pletely. 

In  summary,  methods  do  not  exist  that  are 
adequate  to  describe  completely  and  in  general 
terms  all  the  physical  phenomena  associated  with 
blast  and  shock  waves.  Each  instrument  responds 
to  these  phenomena  according  to  its  own  char- 
acteristics. In  most  instances,  however,  it.  should 
be  possible  to  choose  or  to  design  instruments  that 
will  give  meaningful  measurements  for  practical 
studies. 
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TV.  The  Response  of  Human  Tissues  to  Transient  Forces 


It  has  been  stated  above  that  the  various  pres- 
sure gauges  do  not  respond  instantaneously  to  the 
peak  pressures  of  shock  waves.  They  respond  at 
varying  rates  depending  on  the  masses,  elastic 
forces,  and  damping  forces  inherent  in  the  dos’gn 
of  the  gauge.  The  same  things  can  bo  said  for 
othor  objects  in  the  path  of  a shock  wave.  In 
order  for  the  pressure  measurements  made  with 
any  gauge  to  be  useful  in  relating  pressure  to 
response,  it  is  first  necessary  that  the  gauge  re- 
spond to  the  transient  forces  or  pressures  at  least 
as  fast  as  docs  the  object.  If  the  response  of  the 
gauge  is  slower,  important  pressure  changes  may 
go  unmeasured.  If  the  response  is  the  same,  all 
the  pressure  measured  by  the  gauge,  and  no  otW 
pressures,  will  be  important  to  the  response  of 
thevobject.  If  the  response  of  the  gauge  is  faster 
than  the  response  of  the  object,  something  less 
than  the  pressure  measured  by  the  gauge  will 
be  significant  for  the  response  of  the  object  under 
consideration.  The  gauge  will  have  recorded  more 
information  than  is  necessary,  and  it  will  still  be 
necessary  to  extract  the  information  on  pressure 
significant  for  the  object  from  the  measured  pres- 
sures. This  is  possible  only  if  one  knows  already 
the  way  the  object  Responds  to  transient  forces. 
This  latter  information  is  usually  obtained  by  a 
combination  of  appropriate  formulae  and  empir- 
ical measurements  of  responses  of  the  object  to 
controlled  transient  forces. 

In  practice  it  is  usually  considered  best  first 
to  know  the  responses  of  the  object  under  con- 
sideration and  then  to  measure  with  a gauge 
which  will  more  completely  describe  the  actual 
pressure  phenomena.  In  +his  way  the  meaningful 
pressure  changes  can  be  extracted  from  the  physi- 
cal data  and  at  the  same  time  the  experimenter 
will  be  able  to  detect  differences  among  physical 
stimuli  before  they  become  important  to  his  ex- 
periments. 

Only  recently  have  serious  studies  been  under- 
taken to  determine  the  physical  characteristics  of 
human  tissues  that  determine  their  response  to 


vibratory  onergy.M-*  These  same  characteristics 
largely  control  the  response  of  tissues  to  transient 
energy.  The  response  of  the  human  body  to 
transient  forces  has  also  been  considered  in  Air 
Force  studies  related  to  the  ejection  seat  and  the 
rapid  deceleration  associated  with  aircraft 
crashes.  Unfortunately,  most  of  the  important 
details  have  not  been  published.  Perlman*  has 
published  some  information  about  the  response  of 
the  middle  ear  conduction  apparatus  to  shock 
waves  produced  by  a blank  cartridge  in  a piste  1. 
Otherwise,  little  is  reliably  known  about  the  re- 
sponses of  the  human  body  or  itc  tissues  to  transi- 
ent forces.  The  situation  is  further  complicated 
by  tho  fact  that  tissues,  from  what  we  now  know, 
do  not  usually  respond  to  large  forces  in  a linear 
manner;  that  is,  the  response  is  not  proportional 
to  the  forces  applied.  Much  more  information  of 
this  nature  is  necessary  before  reasonable  correla- 
tions between  blast  phenomena  and  human  re- 
sponses can  be  made. 

Because  of  all  these  difficulties,  reliable  correla- 
tions between  the  physical  stimuli  and  response 
or  injury  havo  not  been  made  even  for  experi- 
mental animals.  (Only  under  the  most  fortuitous 
circumstances  could  one  have  expected  measuring 
instruments  to  be  operating  at  the  right  time  and 
place  either  in  battle  or  for  an  Accidental  ex- 
plosion.) The  collaboration  of  Miller, *-•  and 
Hooker10  during  World  War  I yielded  some  in- 
formation concerning  pressures  and  injury.  Mil- 
ler used  the  baroscope  and  the  phonodeik  for  hia 
measurements.  It  was  clear  to  these  workers  at 
the  time,  however,  that  the  pressures  aa  measured 
did  not  correlate  with  degree  of  injury  when  dif- 
ferent sources  of  blast  were  compared. 

Ciemcdson11  more  recently  has  experienced 
similar  difficulty.  Although  he  obtained,  as  a 
first  approximation,  a good  correlation  between 
lung  injury  in  the  rabbit  and  peak  pressure  of  the 
explosion,  he  was  not  able  to  improve  the  correla- 
tion by  including  the  duration  of  the.  pressure  in 


his  calculations,  He  <?tated  that  it  is  practically 
easier  to  correlate  injury  with  the  physical  stimu- 
lus by  defining  the  stimulus  in  terms  of  the 
weight  of  the  explosive  charge  and  the  distance 
from  the  explosion.  In  fact,  much  of  the  work 
reported  by  Zuckerman,11  Benzinger,11  and 
Desaga14'1'  is  reported  only  in  terms  of  weight  of 
explosive  charge  and  distance  from  the  explosion. 
Desaga  also  reports  one  series  in  which,  as  the 
weight  of  the  charge  was  increased  from  25  kilo- 
grams to  2000  kilograms,  the  lethal  limit  for  dogs 
increased  from  4.25  meters  to  25  meters,  the 
peak  pressure  measured  at  the  location  of  the  dog 
decreased  from  14.7  atmospheres  to  5.2  atmos- 
pheres, and  the  duration  of  the  positive  pressure 
phase  at  the  dog  increased  from  1.6  milliseconds 
to  11.8  milliseconds.  In  general,  this  is  the  kind 
of  relation  between  pressure  and  duration  of  pres- 
sure one  wohld  expect  to  find  for  some  injuries. 
The  peak  pressures  required  for  serious  or  lethal 
injuries,  given  elat-where  in  the  literature,  range 
from  about  4 to  20  atmospheres.  Thus  there  is 
general  agreement  as  to  order  of  magnitude,  but 
there  are  disturbing  discrepancies  in  detail.  In 
order  to  resolve  these  differences,  it  will  be  neces- 
sary to  know  more  accurately  the  transient  re- 
sponse characteristics  of  body  tissues  and  organs. 


V.  Reported  Effects 

Information  on  the  effects  on  the  body  of  blast 
phenomena  cau  be  classified  according  to : 

1.  Timo  injury  appears 

a.  after  one  exposure 

b.  cumulative  effects  of  many  exposures 

2.  Causal  relationship 

a.  direct  result  of  physical  event 

b.  secondary  to  other  bodily  changes 

3.  Portion  or  system  of  the  body  injured,  e.g. 

a.  ear 

b.  lung 


Little  is  said  in  the  open  literature  about  the 
pressures  to  which  man  may  be  exposed  without 
immediate  injury  aside  from  temporary  (and  pos- 
sibly permanent)  hearing  loss.  Pressures,  as 
measured  by  various  instruments,  to  which  men 
have  been  exposed  without  such  injury  range  up 
to  1.6  atmospheres.  In  general  it  would  appear 
that  men  prefer  not  to  be  exposed  to  peak  pres- 
sures much  above  8.5  to  7.0  pounds  per  square 
inch,  or  one-quarter  to  one-half  an  atmosphere. 



It  should  be  noted  that  tho  pressures  cited  above 
for  man  and  animals  do  not  include  any  estimates 
as  to  the  proportions  of  blast  pressure,  shock  wave 
pressure,  and  presbre  doubling  that  are  measur- 
ed by  the  various  gauges.  In  practice  this  is 
necessary  because  the  gauges  do  not  make  such 
distinctions.  It  is  not  known  whether  this  lump- 
ing of  ail  pressures  conceals  any  important  physi- 
cal variables.  An  analysis  of  the  pressure  field, 
such  as  the  ingenious;  one  employed -by  Miller1: 
when  he  measured  tho  propagation  of  the  sound 
wave  from  the  muzzle  of  a largo  gun,  might  well 
lead  to  useful  approximations  of  be  components 
of  the  pressure  measured  at  any  particular  place 
in  the  pressure  field. 


of  Blast  Phenomena 

c.  heart 

d.  abdominal  viscera 

e.  skeleton 

f.  brain 

4.  The  medium  transmitting  energy  to  the  body 

a,  air 

b.  water 

v.  solid  structures 

Nearly  all  tho  literature  dealing  directly  with 
blast  is  concerned  with  immediate  or  only  slightly 
delayed  injury  incurred  after  a single  exposure  to 


one  or  another  of  the  forms  of  energy  associated 
with  blasts.  Loss  of  hearing  through  repeated 
exposures  to  lesser  quantities  of  peak  energy  is 
the  exception.  However,  it  appears  useful  to 
study  this  literature  both  for  the  limiting  condi- 
tions for  the  present  area  of  interest  and  for  clues 
to  profitable  areas  of  study  to  determine  any 
cumulative  effects  of  blast  phenomena  of  smaller 
magnitudes. 


Immediate  Injury 

The  Ear.  Injury  to  the  ear  is  the  most  commonly 
reported  injury  from  blast  energy  transmitted  to 
the  body  through  air.  Ear  injuries  are  not  men- 
tioned in  connection  with  solid-borne  blast  energy 
and  those  who  have  reported  injuries  from  under- 
water blast  note  that  the  ear  is  rarely  injured  be- 
cause the  head  is  usually  out  of  the  water.  Since 
the  car  is  the  portion  of- the  body  most  sensitive 
to  vibratory  energy  in  air,  it  is  not  surprising 
that  it  should  be  the  part  most  vulnerable  to  blast 
and  shock  wave  pressures  in  air.  Two  kinds  of 
injury  are  noted : injury  to  the  tympanic  mem- 
brane and  conduction  apparatus,  and  Injury  to 
the  sensitive  cells  of  the  inner  ear.  These  injuries 
may  occur  singly  or  together.  In  many  paperB 
the  statement  is  made  that  rupture  of  the  tym- 
panic membrane  dissipates  the  energy  and  pro- 
tects the  inner  ear.  This  statement  has  been  ques- 
tioned on  the  basis  that  the  patients  seeking 
medical  attention  sustained  either  rupturo  of  the 
tympanic  membrane  or  evident  heating  loss.  Clini- 
cal experience  thus  includes  essentially  all  cases 
of  rupture  of  the  tympanic  membrane,  many  of 
whom  have  no  measurable  residual  hearing  loss, 
and  all  cases  without  rupture  in  which  large  hear- 
ing losses  occurred.  There  is  no  way  of  knowing 
how  many  ears  escaped  rupture  and  suffered 
either  minor  hearing  loss  or  no  measurable  hear- 
ing loss  after  exposure  to  equivalent  blast  phe- 
nomena. 

Satisfactory  relationships  between  hearing  loss 
and  the  physical  dimensions  of  the  blast  phe- 
nomena have  not  been  established.  To  a first  ap- 


proximation Murray  and  Rcidts  ir  found  that  tem- 
porary hearing  loss  correlated  best  with  peak 
pressures  of  the  shock  waves  from  artillery.  With- 
in the  limits  of  the  range  of  the  pressure-time 
integrations  cf  the  shock  waves  from  a variety  of 
artillery  weapons  they  found  no  significant  de- 
pendence on  duration  of  the  shock  pressures.  They 
note  that  if  Ruch  a correlation  exists,  it  is  masked 
by  differences  in  susceptibility  to  temporary  hear- 
ing loss  among  their  subjects.  There  was  a more 
consistent  hearing  loss  pattern  for  a given  ear 
with  all  weapons  than  for  a given  weapon  With 
all  ears. 

Ruedi  and  Furrer'MM0'*1  have  reported  a varie- 
ty of  animal  experiments  and  observations  on 
humans  that  are  well  worth  reading.  In  general 
their  experimental  work  has  been  of  high  quality 
but  many  of  tho  theoretical  conclusions  they  have 
drawn  are  open  to  question. 

• No  protection  against  shock  Waves  is  provided 
by  the  intra-aural  muscles  since  the  duration  of 
the  shock  wave  is  less  than  the,  delay  from  stimu- 
lus to  contraction  of  the  muscles.  So  far  as  is 
now  known,  little,  if  any,  protection  is  afforded 
by  ear  plugs  made  of  dry  cotton  wool.  Nearly 
complete  protection  is  provided  by  ear  protectors 
that  make  an  airtight  seal  at  the  entrance  to  the 
ear  canal.  A systematic  long  term  study  of  the 
latter  statement  is  warranted  but  should  not  delay  - 
the  use  of  such  protection. 


The  Lungs.  Hemorrhage  in  the  fine  structure 
of  the  lungs  is  the  next  most  frequent  injury 
from  blast  phenomena  in  air.  In  experimental 
animals  sacrificed  soon  after  exposure,  rib  mark- 
ings appear  as  alternate  strips  of  hemorrhagic 
and  normal  lung  surface.  Clemedson”  relates  the 
hemorrhagic  areas  to  the  interspaces  between 
the  ribs. 

In  order  to  tear  tissues  and  structures  there 
must  be  either  relative  displacements  among  the 
tissues  in  excess  of  their  elastic  limit  or  the  elastic 


limits  of  the  tissues  must  be  altered  in  some  way, 
such  »3  by  the  heat  produced  in  damping  vibra- 
tory energy,  to  the  point  where  usual  stresses  or 
strains  will  produce  displacements  that  will  tear. 
In  the  immediate  injuries  with  which  this  section 
is  concerned,  displacements  in  excess  of  the  nor- 
mal elastic  limit  probably  eon*!  itute  the  mechan- 
ism of  injury.  Such  displacements  may  occur  if 
adjacent  tissues  or  structures  respond  to  a com- 
mon impulse  with  different  amplitudes,  They 
may  also  occur  if  adjacent  tissues  or  structures 
respond  with  identical  amplitudes  but  at  different 
times  with  respect  to  the  common  impulse.  Dis- 
continuities in  the  medium  in,  which  a shock  wave 
ia  traveling  are  encountered  at  the  boundaries 
of  the  body,  of  tissues  of  various  densities 
(muscle,  f^t,  bone,  etc.)  and  of  air  enclosed  in 
body  cavities.  Energy  is  partially  reflected  and 
partially  transmitted  at  such  boundaries.  The 
transient  response  characteristics  of  the  struc- 
tures or  media  at  these!  boundaries  determine  the 
fate  of  the  energy  and  whether  there  will  be  rela- 
tive displacements  among  the  structures  for  either 
of  the  reasons  mentioned  above. 

In  general,  the  more  dissimilar  the  media  at 
a boundary,  the  greater  the  relative  displacements. 
In  the  fine  structure  of  the  lungs,  many  bound- 
aries exist  between  air  and  the  liquid-like  tissues. 
It  is  thus  not  surprising  that  differential  displace- 
ments sufficient  to  tear  such  relatively  delicate 
tissues  exist.  This  tearing  is  a direct  result  of 
the  physical  event. 

Essentially  the  same  changes  in  the  lunge,  of 
men  swimming  are  observed  following  under- 
water explosions.  The  mechanisms  are  the  sanie. 
This  observation  indicates  that  the  destructive 
energy  enters  the  body  directly  through  the  chest 
wall  rather  than  through  the  amail  orifices  pre- 
sented by  the  nose,  mouth  and  trachea.  Also,  no 
lung  injury  was  observed  in  dogs  for  explosions 
in  air  with  tho  head  exposed  and  the  body  pro- 
tected or  for  explosions  in  water  with  only  the 
head  of  the  dog  immersed.  Desaga18  reports  sur- 
vival without  lung  injury  when  only  tho  opened 
trachea  of  the  dog  is  exposed  to  an  explosion  in 


air  that  would  have  produced  fatal  lung  Injury  in 
an  unprotected  dog. 


The  Heart.  Lowering  of  the  blood  pressure, 
sometimes  to  the  point  of  shock,  slowing  of  the 
pulse  and  an  increase  in  the  respiratory  rate 
have  been  frequently  observed  in  experimental 
animals  exjtosed  to  explosions.10'11'18'88  The  shock- 
like state  occurs  too  rapidly  to  be  associated  with 
los$  of  blood  in  the  lung  tissue,  so  explanations 
have  been  sought  through  reflex  mechanisms. 
Hooker  believed  that  concussion  of  the  brain*  was 
responsible.  Clemedson81  has  demonstrated  that 
these  immediate  changes  in  circulation  and  respi- 
ration do  not  occur  if  the  afferent  vagus  nerves 
from  the  lungs  are  cut  or  if  only  the  head  is  ex- 
posed to  the  shock  wave  of  the  explosion.  It  would 
thus  appeab  that  the  tissue  injury  in  the  lung  in- 
duces reflexly  through  the  vagus  nerve  the  shock* 
like  state  with  a slow  heart-beat.  The  situation 
is  later  complicated  by  loss  of  blood  into  the  lungs 
and  reduced  oxygen  supply  secondary  to  the  re- 
duced capacity  of  the  lung  for  air. 

Heart  failure  secondary  to  failure  of  the  cir- 
culation of  blood  to  the  heart  muscle  has  also  been 
noted  and  sometimes  appears  to  be  related  to 
sudden  death  in  experimental  animals.  Prompt 
and  careful  post-mortem  examination  of  such  ani- 
mals has  shown  obstruction  to  the  circulation  by 
small  bubbles  of  air. 88  Entry  of  these  air  bubbles 
is  presumed  to  be  through  the  torn  blood  veasols 
in  tho  lung  tissue  rather  than  through  cavitation 
effects  with  release  as  bubbles  of  the  gases  dis- 
solved in  the  blood  and  other  tissues. 

The  nature  of  the  injuries  sustained  from  un- 
derwater blasts  is  the  same  as  for  air.  Injury 
from  shock  waves  transmitted  through  solid  struc- 
tures has  not  been  reported. 


• conclusion  of  the  brain  Is  a condition  characterised  by 
some  degree  of  unconsciousness  and  loes  of  certain  reflex 
activities  wbtoh  Is  often  observed  following  the  application 
of  a transient  force  (a  blow)  to  the  head.  The  term  Is  us- 
ually reserved  for  these  cases  where  the  condition  is  not 
accompanied  by  tearing,  bruising,  or  other  readily  visible 

F injury  to  tho  brain.  In  experimental  animals  microscopic 
injury  to  net-re  eelJr.  is  often  found-  Since  simple  unoom- 
llcated  concussion  of  the  brain  Is  practically  never  fatal 
or  man,  It  Is  not  known  whether  such  microscopic  injuries 
also  occur  with  concussion  of  the  brain  In  man. 


Abdominal  Viscera.  Hemorrhage  into  air-contain- 
ing abdominal  viscera,  particularly  the  gastroin- 
testinal tract,  has  been  reported  following  both 
air  and  water  blast  As  for  the  lungs,  the  basic 
mechanism  for  injury  would  appear  to  be  rela- 
tive displacements  among  tissues  at  boundaries 
where  the  medium  changes  abruptly  from  fluid 
to  gaseous.  In  air,  injury  to  the  lungs  occurs 
more  easily  than  Injury  to  the  abdominal  viscera. 
The  onergy  transfer  from  air  to  the  air-filled 
chest  cavity  may  be  expected  to  be  much  more 
efficient  than  it  is  to  the  abdominal  viscera  which 
more  nearly  resemble  a fluid  medium.  There  are 
also  important  differences  in  the  body  wall  be- 
tween the  chest  and  the  abdomen.  The  chest  wall 
is  more  rigidly  supported  by  the  ribs  with  dia- 
phragm-like  spaces  between  the  ribs,  which  may 
transmit  rather  than  reflect  energy  from  outside 
air  to  lung  air.  Oh  the  other  hand,  the  abdominal 
wall,  consisting  of  fat  and  muscle  with  little 
rigidity,  will  reflect  energy  brought  to  it  through' 
•air. 

Underwater  explosions  of  mines  neer  sailors 
swimming  in  water  have  been  noted  to  produce 
more  severe  injuries  to  the  air-filled  abdominal 
Viscera  than  to  the  lungs.  Ih  this  case  more 
energy  is  reflected  from  the  air-Hko  chest  wall 
and  less  is  reflected  from  the  fluid-like  abdominal 
wall.  In  some  instances  a second  factor  may  be 
important  in  this  regard.  Shock  waves  in  water 
tend  to  be  reflected  back  away  from  the  surface 
so  that  most  of  the  energy  is  concentrated  in  the 
shape  of  a cone  with  its  vertex  at  the  surface  of 
the  water  immediately  above  the  point  of  explo- 
sion. A discrete  shadow  zone  appears  near  the 
surface  even  relatively  close  to  the  explosion.  Thus 
it  is  possible  that  quite  different  shock  pressure 
reach  the  chest  and  abdomen  of  s man  positioned 
vertically  in  the  water.  For  the  same  reasons,  a 
man  lying  horizonally  at  the  surface  of  the  water 
may  escape  injury. 


The  Skeleton.  Injuries  to  the  bony  skeleton  from 
shock  waves  reaching  man  through  air  or  water 
have  not  bean  reported.  On  tho  other  hand,  shock 


waves  reaching  man  through  solid  supporting 
structures  have  produced  severe  fractures  and 
dislocations  of  the  skeleton.1*-37  In  practice  the 
common  situation  for  such  injury  consists  of  the 
shock  wave  energy  from  an  exploding  mine  being 
conducted  from  the  hull  of  a ship  by  a principal 
structural  member  to  the  platform  on  which  a 
man  is  standing  or  sitting.  For  the  standing  man, 
the  most  common  injuries  are  severe,  often  com- 
pound, fracture;*  of  the  bones  of  the  foot,  ankle  or 
lower  leg.  Dislocations  of  the  knee  joint  occur 
with  serious  consequences.  Usually  such  disloca- 
tions interfere  with  the  major  blood  vessels  to  the 
lower  leg.  Gangrene  results  and  amputation  is 
required.  Fractures  above  the  knee  are  rare. 
Again  the  principle  of  injury  by  relative  displace- 
ment among  tissues  is  important.  The  response 
of  the  body  for  transient  forces  applied  Up- 
ward through  the  feet  appears  to  be  such  that  a 
relative  displacement  will  either  occur  at  or  below 
the  knee,  or,  if  the  transient  jolt  (rate  of  change 
of  acceleration)  is  not  too  great,  the  body  will  be 
displaced  as  a whole  without  injury. 

. ...  . , ‘ ’\  . 

In  a similar  way  shock  transients  applied  to  \ 
the  base  of  the  spine  of  a seated  man  can  produce 
fractures  and  dislocations  of  the  spine  with  para- 
plegia as  a consequence,  Although  injuries  to  the 
lower  extremities  while  standing  and  to  the  spine 
while  seated  are  most  common,  other  postures 
with  varying  degrees  of  contact  with!  solid  struc- 
tures can  produce  other  more  bizarre  injuries. 


The  Brain.  The  mechanism  of  injury  to  the  brain 
from  shock  waves  in  air  remains  somewhat  ob- 
scure. Both  large  and  small  hemorrhages  in  the 
substance  of  the  brain  and  in  the  tissues  sur- 
rounding the  brain  have  been  observed  in  both 
man  and  experimental  animals.88'”  Such  injuries 
usually  occur  after  exposure  to  extreme  and  near- 
ly mutilating  blast  conditions.  There  is  experi- 
mental evidence  that  under  less  severe  conditions 
some  of  these  hemorrhages  are  secondary  to  inter- 
ference with  the  circulation  to  the  brain  by  bub- 
bles of  air  in  much  the  same  way  as  described 
abovo  for  the  heart.  In  experimental  animals, 


brain  Injury  is  reduced,  if  not  entirely  eliminated, 
at  pressure  levels  which  are  just  lethal  for  ail  un- 
protected animals  by  protecting  the  rest  of  the 
body  and  leaving  only  the  head  exposed.  In  man, 
it  is  not  known  whether  brain  injury  can  appear 
independently  of  lung  injury  and  air  emboli.  It 
appears  that  explosions  in  confined  spaces  or 
exposures  near  walls  or  embankments  which  pro- 
duce pressure-doubling  favor  both  kinds  of  injury. 
When  brain  injury  is  present,  medical  attention 
is  often  diverted  from  other  injuries.  Brain  in- 
jury may  manifest  itsolf  directly  through  signs 
in  the  peripheral  nervous  system  or  may  be  “si- 
lent." A diagnosis  of  concussion  may  be  made 
only  to  have  the  patient  die  a short  while  later 
with  a large  fresh  hemorrhage  super-imposed  on 
an  old  area  of  injury.1*''®  The  possibility  of  cumu- 
lative direct  coneussive  injury  to  the  brain  must 
certainly  still  be  entertained  even  though  on  a 
one-shot  basis  the  lungs  appear  to  be  more  vulner- 
able than  the  brain.  This  is  especially  true  be- 
cause inj  ured  lung  tissue  cells  are  replaced  in  the 
healing  process.  Nerve  cells  are  not  replaced. 

While  brain  injuries  serious  enough. to  lead  to 
death  rarely  appear  in  the  absence  of  other  equal- 
ly severe  and  mutilating  injuries,  lesser  injuries 
are  relatively  common  in  battle.  Exposure  to  blast 
phenomena  often  results  in  a syndrome  (combina- 
tion of  symptoms  and  signs)  characterized  by 
anxiety,  fear,  strong  startle  reactions,  bizarre 
tremors,  automatic  movements,  headaches,  am- 
nesia, emotional  instability,  insomnia,  restless- 
ness, inability  to  concentrate,  and  generally  re- 
duced. efficiency.'®-*4  This  syndrome  may  result 
from  brain  injury,  hysteria,  or  both.  Nearly  all 
possible  combinations  have  been  seen  and  report- 
ed in  the  literature  variously  as  “shell  shock,” 
“battle  fatigue,”  cerebral  blast  concussion  and 
hysteric-anxiety  state.  Similar,  if  not  identical, 
syndromes  appear  in  hyperthyroidism,  mild  hy- 
poglycemia, some  allergic  conditions,  after  ex- 
tended hypoxia,  and  in  carbon  monoxide,  bromide, 
or  lead  poisoning.'® 

In  clinical  practice  differential  diagnosis  be- 
tween hysteric-anxiety  state  <*.id  organic  changes 


associated  with  concussion  i?  usually  made  on 
the  basis  of  response  to  therapeutic  trials  and  on 
the  basis  of  the  proportional  severity  of  the  sev- 
eral complaints  comprising  the  syndrome.40-41'4® 
These  malhods  do  better  than  chance  but  arc  far 
from  infallible  and  they  do  not  clearly  include  the 
possibility  that  a full-blown  hysteric-anxiety  state 
may  well  exist  in  a patient  with  considerable  or- 
ganic damage  to  the  brain.  Reliable  objective 
tests  to  make  this  differential  diagnosis  do  not 
exist  but  much  effort  is  being  expanded  to  develop 
such  tests. 

Because  of  the  ways  in  which  various  patients 
were  routed  for  treatment  during  World  War  II, 
it  is  impossible'  to  arrive  at  an  estimate  of  the 
relative  frequencies  of  the  cases  of  psychologieai 
and  physiological  origin  that  existed.  Some  series 
of  cases  indicate  that  cerebral  blast  concussion 
syndrome  was  rarely  caused  by  brain  injury.  On 
the  other  hand,  authors  who  saw  selected  cases 
which  had  failed  to  respond  to  psychiatric  treat- 
ment found  evidence  of  brain  damage  in  every 
patient.4*  About  all  one  can  infer  is  that  sooner 
or  later  nearly  all  patients  received  appropriate 
treatment.-  . 


Other  Injuries.  Hemorrhages  in  other  structures 
sudh  as  the  nasal  sinuses  and  large  muscles  have 
also  been  described.  These  injuries  are  usually 
minor  compared  to  the  simultaneously  incurred 
injuries  in  cither  organs. 


Cumulative  Injury 

Cumulative  injury  to  hearing  from  blast,  shock 
waves  and  high-intensity  sound  is  well  known.44-'* 
Permanent  hearing  loss  may  be  produced  by  all 
kinds  of  weapons,  from  small  arms  to  heavy  artil- 
lery. Clear  cut  quantitative  relations  between 
exposure  conditions  and  hearing  losses  have  not 
yet  been  established.  However,  the  presence  of 
the  relationship  is  so  clear  that  there  is  no  excuse 
for  failure  to  use;  presently  available  ear  pro- 
tectors. 
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Civirmlative  injury  to  other  parts  of  the  body 
lias  not  been  reported.  In  many  ways  the  pos- 
sibilities for  such  injury  are  similar  to  those  en- 
countered at  close  range'  to  the  high-intensity 
noise  of  jet  engines  as  suggested  in  the  BENOX 
Report.”  In  any  event  the  problems  involved  In 
detecting  and  measuring  such  injury,  if  it  exists, 
will  be  the  same. 

The  effects  of  blast  phenomena  on  performance 
and  behavior  will  probably  be  similarly  difficult 
to  measure.  Again  the  methods  will  be  similar,  if 
not  identical,  to  those  used  to  measure  perform- 
ance and  behavior  during  or  after  exposure  to 
high-intensity  noise.  Should  functional  defici- 
encies be  detected,  their  causes,  psychological  or 
physiological,  will  be  equally  difficult  to  evaluate. 


Much  of  the  literature  on  blast  Injury  deals 
with  men  on  the  receiving  end  of  explosions  and 


the  danger  to  the  individual  is  unambiguous. 
There  has  been  little  real  or  apparent  danger  in 
the  past  associated  with  blast  from  the  soldier's 
own  weapon.  The  soldier  knew  how  to  avoid  such 
danger  as  did  exist.  It  is  quite  conceivable  that 
the  blast,  shock  and  noise  associated  with  more 
powerful  modern  weapons  could  be  associated 
with  apparent,  danger  to  himself  In  the  mind  of 
the  soldier.  This  could  lead  to  psychologically- 
induced  alterations  in  performance  and  behavior 
even  though  the  real  danger  has  not  changed. 

On  the  other  hand,  if  the  blasts  associated  with 
modern  weapons  significantly  exceed  those  pre- 
viously encountered,  the  possibility  of  physical  or 
physiological  influences  on  performance  and  W 
havior  should  be  considered.  As  firBt  steps, 
measurement  of  the  blast  and  associated  phe- 
nomena to  which  men  ate  exposed  and  observa- 
tion in  the  field  for  evidence  of  limitations  on 
performance  are  certainly  ‘ndiCated. 
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